The Nav1.7 channel represents a promising target for pain relief. In the recent decades, a number of Nav1.7 channel inhibitors have been developed. According to the effects on channel kinetics, these inhibitors could be divided into two major classes: reducing activation or enhancing inactivation. To date, however, only several inhibitors have moved forward into phase 2 clinical trials and most of them display a less than ideal analgesic efficacy, thus intensifying the controversy regarding if an ideal candidate should preferentially affect the activation or inactivation state. In the present study, we investigated the action mechanisms of a recently clinically confirmed inhibitor CNV1014802 using both electrophysiology and site-directed mutagenesis. We found that CNV1014802 inhibited Nav1.7 channels through stabilizing a nonconductive inactivated state. When the cells expressing Nav1.7 channels were hold at 70 mV or 120 mV, the half maximal inhibitory concentration (IC 50 ) values (with 95% confidence limits) were 1.77 (1.20-2.33) and 71.66 (46.85-96.48) μmol/L, respectively. This drug caused dramatic hyperpolarizing shift of channel inactivation but did not affect activation. Moreover, CNV1014802 accelerated the onset of inactivation and delayed the recovery from inactivation. Notably, application of CNV1014802 (30 μmol/L) could rescue the Nav1.7 mutations expressed in CHO cells that cause paroxysmal extreme pain disorder (PEPD), thereby restoring the impaired inactivation to those of the wild-type channel. Our study demonstrates that CNV1014802 enhances the inactivation but does not reduce the activation of Nav1.7 channels, suggesting that identifying inhibitors that preferentially affect inactivation is a promising approach for developing drugs targeting Nav1.7.
Introduction
Voltage-gated sodium (Nav) channels play a fundamental role in the generation and propagation of electrical impulses in excitable cells [1] . The Nav1.7 channel, one of the nine Nav isoforms (Nav1.1-Nav1.9), encoded by SCN9A, is preferentially expressed in nociceptive dorsal root ganglion neurons and sympathetic ganglion neurons [2] [3] [4] . A number of human genetic mutations in Nav1.7 have been linked to either hyposensitive or hypersensitive pain states [4] . Gain-of-function mutations have been found to cause inherited erythromelalgia (IEM) [5] , paroxysmal extreme pain disorder (PEPD) [6] and small-fiber neuropathy (SFN) [7] . In contrast, loss-of-function recessive mutations cause congenital insensitivity to pain (CIP), in which individuals do not experience any form of pain [8, 9] . These genetic observations in conjunction with findings from other functional studies suggest that the Nav1.7 channel may be a promising target, and intense efforts have been undertaken to develop inhibitors against Nav1.7 to treat pain [10] [11] [12] . As Nav1.7, a threshold channel in nociceptive neurons, plays a crucial role in pain generation, inhibitors that reduce activation and/or enhance inactivation of the Nav1.7 channel are thought to be effective at dampening neuron excitability and attenuating pain [4, 13] . In recent decades, a few Nav1.7 inhibitors, such as antibodies, toxins and small molecules, that preferentially affect channel activation or inactivation have www.nature.com/aps Zheng YM et al Acta Pharmacologica Sinica been developed [10, 12, 14] . However, their analgesic effects are disappointing [11, 15, 16] . For example, ProTx-II, a selective tarantula venom peptide, strongly right-shifts channel activation [17] . However, it does not exhibit analgesia after intravenous or intrathecal administration in a Complete Freund's Adjuvantinduced inflammatory pain model despite the fact that it potently blocks Nav1.7 currents and relives OD-1-induced pain after local administration [17] . Remarkably, PF-05089771, a potent and selective Nav1.7 inhibitor developed by Pfizer, is suggested to inhibit Nav1.7 currents by hindering channel recovery from inactivation similar to other aryl sulfonamide inhibitors [18, 19] . Even though it relieves pain syndromes in a small group of patients with IEM, Pfizer has discontinued its clinical study due to the lack of efficacy for diabetic neuropathy pain [12, 20] . These and other disappointing data not only highlight the difficulty in the discovery of analgesics that target the Nav1.7 channel but also intensify the controversy on if an ideal candidate preferentially affecting the activation or inactivation state will relieve pain [21] . CNV1014802 is a state-dependent inhibitor of Nav1.7 channels developed by Convergence Pharmaceuticals [22] . Clinical study in a phase 2 trial of patients with painful lumbosacral radiculopathy (LSR) demonstrated that CNV1014802 is well tolerated and produces a remarkable reduction in pain compared to placebo [23] . However, whether the inhibitory effect of CNV1014802 on Nav1.7 channels is through modification of channel kinetics remains unclear. In the present study, we set out to characterize the electrophysiological properties of CNV1014802 and to probe the relationship between channel kinetics and its pharmacological application.
Material and methods

Materials
CNV1014802 was synthesized in the laboratory of Prof Jian LI (East China University of Science and Technology, Shanghai, China). The purity of the synthetic CNV1014802 was ≥98%, which was assessed by HPLC. The compound was dissolved and stored in dimethyl sulfoxide (DMSO) to produce 100 mmol/L stock solutions that were then diluted into the bath solution to obtain the final concentrations. The final concentration of DMSO (≤0.3%) was tested and verified to have no effect on sodium currents. All other chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA).
cDNA and mutagenesis
The plasmid carrying the human Nav1.7 cDNA insert was a gift from Dr Norbert KLUGBAUER (Albert-Ludwigs-Universität Freiburg, Freiburg, Germany) [2] . Point mutations in the Nav1.7 channel were individually constructed by recombinant PCR and confirmed by sequencing.
Cell culture and transfection
Human embryonic kidney 293 (HEK293) cells stably expressing hNav1.7 were a gift from Dr Hai-bo YU (Institute of Materia Medica, Beijing, China). Cells were grown in high-glucose DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum and were selected with 300 μg/mL of the antibiotic Hygromycin B (Invitrogen, Carlsbad, CA, USA) under standard tissue culture conditions (5% CO 2 , 37 °C). For the functional expression of Nav1.7 mutants, Chinese hamster ovary (CHO) cells were used and cultured in 50/50 DMEM/ F-12 (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum. Two days prior to recording, the constructs were transfected into CHO cells with Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacture's protocol. A GFP construct was co-transfected to aid in the identification of transfected cells by fluorescence microscopy. Cells were seeded onto poly-L-lysine-coated glass coverslips before they were used for electrophysiology recording.
Electrophysiology
Whole-cell patch-clamp recordings were conducted at room temperature using an Axopatch 200B patch clamp amplifier (Molecular Devices, Sunnyvale, CA, USA). Pipettes were pulled from borosilicate glass capillaries (World Precision Instruments, Sarasota, FL, USA) with an electrode resistance typically ranging from 1.5 to 4 MΩ. The recording pipette intracellular solution contained the following (in mmol/L): 140 CsF, 10 NaCl, 10 HEPES, 1.1 EGTA and 20 glucose (pH 7.3 adjusted by CsOH); the bath or extracellular solution contained the following (in mmol/L): 140 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 HEPES and 20 glucose (pH 7.3 adjusted by NaOH). During the recording, the bath solution was continuously perfused using a BPS perfusion system (ALA Scientific Instruments, Westburg, NY, USA). Recording was performed after a 5-min equilibration period at -80 mV after breaking into the whole-cell configuration. Currents were acquired at a 50-kHz sampling frequency and filtered at 2 kHz. Series resistance compensation was used and set to 80%. P/N subtraction was never applied throughout the experiment. An unsaturated IC 90 concentration (10 µmol/L) was applied throughout the whole study unless otherwise stated. If a change in activation was not observed at 10 µmol/L, a higher concentration of the drug (30 µmol/L) was further administered to confirm the lack of an effect. This higher concentration was also used in the parallel experiments, such as the inactivation recordings.
Data and statistical analysis
The data and statistical analysis complied with the recommendations on experimental design and analysis in pharmacology [24] . Patch-clamp data were processed using Clampfit 10.3 (Molecular Device, Sunnyvale, CA, USA) and analyzed with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). Peak inward currents obtained from activation protocols were converted to conductance values using the equation: G=I/(V-V Na ). V Na indicates the reversal potential of sodium currents. To measure inactivation, the peak currents after different pre-pulses were normalized and plotted as a function of voltage. To quantify these biophysical properties, we fitted the activation and steady-state inactivation curves with the Boltzmann equation:
, where G max is the maximum conductance, G min is the 589 www.chinaphar.com Zheng YM et al Acta Pharmacologica Sinica minimum conductance, V 1/2 is the voltage for reaching 50% of the maximum conductance, and k is the slope factor. Doseresponse curves were fitted with a 3-parameter Hill equation: Y=Bottom+(Top-Bottom)/(1+10^(X-LogIC 50 )), where Bottom and Top are the minimum and maximum inhibition, respectively, X is the log of concentration, Y is the value of I drug /I control , and IC 50 is the drug concentration producing a half-maximum response. The onset of inactivation in the absence and presence of CNV1014802 was well described by a one-phase and two-phase exponential decay, respectively. Recovery from inactivation with and without CNV1014802 was well fitted by a two-phase exponential decay. The results are presented as the mean±SEM. The significance was estimated using 2-tailed t tests (paired or unpaired), and a P-value <0.05 was considered statistically significant. Detailed information is provided in the figure legends.
Results
CNV1014802 exerts a state-dependent inhibition on Nav1.7 channels The inhibitory activity of CNV1014802 on Nav1.7 channels was examined using the whole-cell voltage-clamp technique. To elicit Nav1.7 currents, a 20-ms test pulse to 0 mV from holding potentials ranging from -80 mV to -120 mV was applied. At a holding potential of -80 mV, which would inactivate approximately 20% of Nav1.7 channels, the peak currents dramatically decreased after bath perfusion of 30 μmol/L CNV1014802 ( Figure 1A ). However, when the holding potential was clamped at -120 mV, a membrane potential that would prevent channel inactivation, the block was less dramatic (Figure 1A) . The reductions in the peak currents caused by drug application were 58%±6% and 26%±2% when tested from the holding potentials of -80 mV and -120 mV, respectively ( Figure  1B ). The inhibitory effects in both conditions were completely washed out when the holding potential was changed to -120 mV. The differential inhibitory potencies for the resting and inactivated channels suggest that CNV1014802 inhibits Nav1.7 channels in a state-dependent manner.
CNV1014802 does not affect steady-state activation
To understand if CNV1014802 modifies the kinetics of Nav1.7 channels, its effects on steady-state activation were first investigated. Activation currents were elicited by step stimulations ranging from -80 mV to +15 mV from a holding potential of -120 mV in 5-mV increments for 50 ms. Representative current traces recorded before and after bath perfusion of 30 µmol/L CNV1014802 are shown in Figure 2A . Normalized currentvoltage (I-V) curves showed that CNV1014802 caused a 27%±3% decrease in the peak current but had little or no effect on the voltage dependence of activation ( Figure 2B ). Activation curves were fitted with the Boltzmann equation and demonstrated no significant changes in the half-activation voltage after the application of CNV1014802 ( Figure 2C ). The V 1/2 values before and during perfusion of 30 µmol/L CNV1014802 were -21.64±0.96 mV and -23.26±0.85 mV, respectively. These results demonstrate that CNV1014802 does not affect the acti- CNV1014802 causes a hyperpolarizing shift in the steady-state inactivation Next, the influences of CNV1014802 on inactivation were examined. After activation, Nav channels undergo two physically distinct inactivation processes, fast and slow inactivation [25] . Fast inactivation is completed within a few milliseconds and can be quickly reversed after hyperpolarization. In contrast, slow inactivation develops less rapidly (time constants ranging from ~100 ms to several minutes) and opposes high-frequency spike generation [25] . In the current study, steady-state fast inactivation of Nav1.7 channels was determined using a 500-ms conditioning pulse from -130 mV to 0 mV in 10-mV increments, followed by a 0-mV test pulse. Representative traces generated in the absence or presence of 30 µmol/L CNV1014802 are shown in Figure 3A . After application of the drug, the V 1/2 of fast inactivation was dramatically shifted by approximately 12.9±1.50 mV in the hyperpolarizing direction ( Figure 3B ). The voltage-dependence of the steadystate slow inactivation was estimated using 10-s depolarization pre-pulses followed by a 20-ms hyperpolarization pulse to -120 mV to allow channels to recover from the fast inactivation before the test pulse to determine channel availability [26] . Providing that a recovery interval of 3 s at -120 mV is sufficient to re-prime the Nav1.7 channels after the 10-s pre-pulses (Supplementary Figure S1) , a fixed 13-s pulse duration was applied during the slow inactivation study. In these conditions, 30 μmol/L CNV1014802 dramatically shifted the slow inactivation curve in the hyperpolarizing direction ( Figure  3C ). After drug administration, the V 1/2 of slow inactivation was changed to -93.14±0.71 mV from -49.15±0.80 mV in control conditions ( Figure 3D ). These data indicate that CNV1014802 mainly affects the channel inactivation.
Because CNV1014802 may inhibit the channel by stabilizing an inactivated state, the inhibition efficacies of the drug in the resting and half-inactivated states were further investigated. According to the inactivation curve of Nav1.7 shown in Figure  3B , holding potentials at -120 mV and -70 mV will keep the channel in the resting and half-inactivated states, respectively. The IC 50 value (with 95% confidence limits) of CNV1014802 was decreased to 1.77 (1.20-2.33) µmol/L from 71.66 (46.85-96.48) µmol/L when half of the channels were inactivated ( Figure  3E ). Overall, CNV1014802 acts as a state-dependent inhibitor and preferentially binds to inactivated Nav1.7 channels.
CNV1014802 shows use-dependent inhibition of Nav1.7 channels Use-dependent inhibition is an important property of many previously reported Nav channel inhibitors [27] . Hence, the usedependence of CNV1014802 was investigated. Cells expressing Nav1.7 were first recorded under a train of 20-ms voltage steps to 0 mV from a -120-mV holding potential at frequencies of 2, 10 and 20 Hz in the absence or presence of 10 µmol/L CNV1014802. No significant inhibition was observed during the 2-Hz stimulus frequency ( Figure 4A ). However, cumulative inhibition became evident during the higher frequency stimulations ( Figure 4A ). The inhibition was 31%±0.9% and 55%±1.2% for 10 Hz and 20 Hz, respectively, in the presence of CNV1014802 ( Figure 4B ). The reductions in the Nav1.7 The steady-state fast inactivation was evaluated by a test step to 0 mV after a 500 ms pre-pulses to a varying voltage from a holding potential of -120 mV with a stimulus frequency at 0.5 Hz. The steady-state slow inactivation was examined using 10 s depolarization pre-pulses followed by a 20 ms hyperpolarization pulse to -120 mV to allow channels to recover from fast inactivation, and a test to 0 mV for 20 ms was then used to determine the channel availability. current amplitudes for all stimulation frequencies in the absence of CNV1014802 were less than 10% ( Figure 4B ). Thus, CNV1014802 produces a strong use-dependent inhibition of Nav1.7 channels.
In the presence of CNV1014802, repetitive stimulation might cause Nav1.7 channels to progress to an inactivated state, thereby inducing a more potent inhibition. In other words, the use-dependent inhibition of Nav1.7 channels by CNV1014802 might be modulated by channel inactivation. Because a longer pulse duration inactivates more Nav1.7 channels, we varied the stimulation duration and investigated its influence on CNV1014802 inhibition. The stimulation durations were varied from 3 to 20 ms at a fixed frequency of 10 Hz. In the absence of CNV1014802, the reductions in the Nav1.7 peak currents were less than 5% in all three stimulation conditions. In contrast, after application of 10 μmol/ L CNV1014802, the peak currents decreased in a remarkable duration-dependent manner ( Figure 4C ). The current reduction ratios were 13%±1.4%, 22%±1.4% and 36%±0.6% for 3-, 10-and 20-ms pulses, respectively ( Figure 4D ). The frequency and duration-dependent inhibition is consistent with the notion that CNV1014802 mainly affects channel inactivation.
Influences of CNV1014802 on the development of inactivation
To better understand the interaction between CNV1014802 and the Nav1.7 channels, the time course of the block development induced by 10 μmol/L CNV1014802 was further evaluated. A series of pre-pulses to 0 mV with variable durations (10 ms to 19 s) were applied to allow inhibition to develop and were followed by hyperpolarization of the cells to -120 mV for 20 ms to allow the drug-free channels to recover from fast inactivation. Finally, the cells were stepped to 0 mV for 10 ms, and the fraction of channels available for activation was measured. Figure 5A shows the representative current traces corresponding to various pre-pulse durations with or without 10 μmol/L CNV1014802. To determine the time constants of inactivation development, the normalized amount of currents was plotted against the pre-pulse durations. Normally, in control cells, the time course represents the development of slow inactivation, which could be fitted with a one-phase exponential equation [28] . However, CNV1014802 dramatically changed the inactivation profile, which was better fitted by a two-phase exponential function. Tau 1 probably represents the time constant of fast inactivation development, whereas Tau 2 is the time constant of slow inactivation development [28] . Notably, the current amplitude decreased approximately 80% during the fast component, whereas no detectable decrease was observed for the same duration in the control ( Figure 5B ). In contrast to the induction of a fast inactivation component, the development of the slow inactivation was not affected by 10 μmol/L CNV1014802 (Table 1) .
CNV1014802 slows the recovery from inactivation
We next investigated the rate of recovery of Nav1.7 channels from the inactivation inhibition by CNV1014802. A 10-s inactivating pre-pulse to 0 mV was used to allow CNV1014802 inhibition to reach the steady state and was followed by a recovery interval of varying duration (0.1 ms to 9 s) at -120 mV before the number of available channels was measured with a standard test pulse to 0 mV for 10 ms. We found that 10 μmol/L CNV1014802 dramatically slowed the recovery of Nav1.7 channels from inactivation. In other words, the channels in the presence of CNV1014802 took longer to recover than those in the control condition ( Figure 6A ). The Nav1.7 channel recovery displayed a two-phase profile, regardless of CNV1014802 application ( Figure 6B ). In comparison with those in the control condition, the time constants of recovery from both fast and slow inactivation were longer after CNV1014802 application (Table 1) . Together, our data suggest that both accelerating the development of inactivation and delaying the recovery from inactivation contribute to the inhibition of Nav1.7 channels by CNV1014802.
CNV1014802 normalizes the functional effects of PEPD mutations
In humans, inherited gain-of-function mutations in the Nav1.7 channel lead to severe neuropathic pain syndromes, recording protocol. The entry into the inactivation state was evaluated using a two-pulse protocol consisting of a conditioning pulse of variable duration (10 ms to 19 s) to 0 mV to inactivate the channels. A 20 ms pulse to -120 mV was applied to allow channels that were not bound with drug to rapidly recover from inactivation, and a standard test pulse was used to measure the number of available channels. 
P<0.001, paired 2-tailed t test). (Insert)
The recording protocol. Cells were held at -120 mV, depolarized to 0 mV for 10 s and then hyperpolarized to -120 mV for variable increasing durations. A standard test pulse to 0 mV for 10 ms was used to measure the number of available channels.
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Acta Pharmacologica Sinica such as PEPD. PEPD-linked Nav1.7 mutants mainly shift the voltage dependence of steady-state fast inactivation toward depolarization [6] . Moreover, some PEPD mutants exhibit persistent currents that may persist for more than several hundred milliseconds [6, 29] . The defective fast inactivation and enhanced persistent currents increase the excitability of nociceptive neurons and thus contribute to pain [6] . Because CNV1014802 largely shifts the inactivation of Nav1.7 channels in the hyperpolarizing direction, we speculated that the drug might be able to rescue the dampened inactivation of the PEPD mutants. To test this hypothesis, we examined the effect of 30 μmol/L CNV1014802 on four PEPD mutants, including F1462V, T1464I, M1627K and A1632E, using electrophysiological recording. In agreement with previous findings, these mutants, compared to the wild-type channel, produced a dramatic depolarizing shift in the fast inactivation curve [6, 30, 31] (Figure 7 , Table  2 ). Intriguingly, after 30 μmol/L CNV1014802 application, the dampened fast inactivation curves of all of these mutants were moved in the hyperpolarizing direction and nearly overlapped with that of the wild-type channel ( Figure 7 , Table 2 ). In addition, 30 μmol/L CNV1014802 did not produce visible effects on the activation of all tested mutants, consistent with the observation in the wild-type channels ( Figure 7 , Table  2 ). Notably, the persistent currents produced by T1464I and A1632E were also completely suppressed by 30 μmol/L CNV1014802 ( Figure 7E, 7F) . Collectively, our results indicate that CNV1014802 reverses the right-shifted inactivation and blocks the persistent currents caused by PEPD mutants.
Discussion
In the present study, we provide evidence that inhibition of Nav1.7 channels by CNV1014802 is attributed to enhance channel inactivation. The following novel findings support this statement: (1) CNV1014802 dramatically shifts the channel inactivation curve in the hyperpolarizing direction but The recording protocols were identical to those for the wild type. The detailed information including group size was presented in Table 2 . does not affect activation. (2) The use-dependent inhibition is dramatically modulated by channel inactivation in addition to stimulus frequency. (3) CNV1014802 accelerates the development of inactivation and delays the recovery from inactivation. Thus, stabilizing Nav1.7 channels in the nonconductive inactivated state may benefit the analgesic effects of CNV1014802.
The analgesic efficacy and tolerability of CNV1014802 have been investigated in a randomized, double-blind, placebocontrolled phase 2 trial for patients with LSR [23] . The clinical outcomes demonstrated that patients who orally administered CNV1014802 at a dose of 350 mg twice per day showed a remarkable reduction in pain compared to those given placebo [23] . No severe or serious adverse events related to the drug were observed [23] . These positive results were also reported in a recently completed phase 2a trial for patients with trigeminal neuralgia [32] , which further indicated that CNV1014802 is well tolerated. The safety of a drug is often correlated with its selectivity. There are two reports on the selectivity of CNV1014802 [15, 22] . One report by Zakrzewska and her colleagues stated that CNV1014802 shows selectivity for the Nav1.7 channels over the other Nav isoforms [22] . In contrast, Deuis and her colleagues claimed that CNV1014802 is a relatively non-selective Nav inhibitor using a Fluorometric Imaging Plate Reader (FLIPR) membrane potential assay [15] . Due to the limited data reported and the relatively low temporal resolution of FLIPR, we speculated that the discrimination between the two studies might be ascribed to the applied methods and cell lines [33] . The less than ideal selectivity and low affinity of CNV1014802 may limit its application and cause side effects in clinical use, which should be more closely studied in clinical trials. Nevertheless, CNV1014802 undoubtedly inhibits Nav1.7 channels, and this inhibitory effect contributes to its clinical efficacy for pain relief.
The Nav1.7 channel has been confirmed to play a central role in human pain signaling [4] . The discovery of pain-causing mutations that disrupt activation or inactivation states further support this notion [5] [6] [7] [8] . Reducing activation may be beneficial in pain relief [34] . S241T, a gain-of-function mutation identified in a family with IEM, primarily enhances channel activation [35] . Carbamazepine, a non-selective Nav channel blocker, normalizes the enhanced activation of S241T but does not affect inactivation [35] . A clinical study demonstrated that carbamazepine attenuates neuropathic pain in patients carrying the S241T mutation [36] . However, the lack of efficacy of ProTx-II and SVmab1, which only affect channel activation, casts doubt on the feasibility of this approach [15] [16] [17] . Compared with reducing activation, enhancing inactivation to relieve pain might be more feasible. Sodium channels typically undergo inactivated states during pain attacks and thus provide available binding sites for inhibitors [12, 37] . Usedependent inhibition occurs when neurons fire frequently and causes the accumulation of functionally blocked channels [27] . Furthermore, the use-dependent inhibition of some of the Nav channel blockers is dependent on channel inactivation [27] . Thus, the enhanced ability of a sodium channel blocker to discriminate between the resting and inactivated channels may provide a better safety profile and tolerability during systematic administration [27, 28] . Moreover, slow closedstate inactivation but not activation allows Nav1.7 channels to boost subthreshold stimuli [4, 13] . Thus, enhancing channel inactivation may be much more efficient at depressing neuron excitability. In addition, modulating inactivation might be useful in the treatment of pain syndromes caused by disrupted activation [38] . For example, the mutation R1279P causes both gain-of-function depolarized inactivation and loss-of-function depolarized activation [38] . However, this mutation in humans causes distal limb pain, which suggests that the gain-offunction depolarized inactivation is dominant and overrides the influence of the impaired activation [38] . Overall, modulating channel inactivation is a feasible approach for pain management, which is consistent with the positive data in clinical trials and the mechanism of CNV1014802 revealed in the current study.
Previous studies have investigated how a Nav1.7 channel inhibitor interacts with the inactivated conformations. Lidocaine, a classical local anesthetic, has been reported to decrease the transition of Nav1.7 channels to the slow inactivation state [26] . The time courses of recovery from inactivation with or without lidocaine overlap with one another [26] . This feature was not observed in CNV1014802. Previously, lacosamide was reported to primarily target channels in the slow inactivation state [28] . Rather than affecting the slow inactivation state, lacosamide is currently thought to induce its inhibitory effect by its slow binding to fast-inactivated states [39] . Nevertheless, the mechanism underlying lacosamide inhibition is obviously different from that of CNV1014802, which left-shifts both fast and slow inactivation and causes a fast inhibition onset (Figure 3 and 5) . Carbamazepine, another reported sodium channel inhibitor, has been reported to interact with Nav1.7 in its inactivated state [28] . Although carbamazepine and CNV1014802 change the development of slow inactivation in a similar manner, the compounds have different effects on the recovery from inactivation [28] . The recovery from inactivation is prominently delayed by 10 μmol/L CNV1014802 ( Figure 6 ). In contrast, carbamazepine does not change the recovery time course of Nav1.7 inactivation [28] . Trapping Nav1.7 channels in a nonconductive state was also suggested for PF-05089771 and its analogue PF-04856264 [19] . In contrast to CNV1014802, which takes 30-60 s to reach steady-state inhibition of Nav1.7 channels, PF-05089771 takes approximately 17 min to reach a steady state of inhibition [19] . Moreover, the development of inhibition in the presence of PF-05089771 is well fitted by a one-phase exponential equation [19] , whereas CNV1014802 causes a two-phase profile ( Figure 5 ). Considering the stateand use-dependent properties of CNV1014802, it could act as an open channel blocker similar to local anesthetics [40] . However, PF-04856264, a selective Nav1.7 channel inhibitor that interacts with the S1-S4 voltage sensor of domain IV, also inhibits the channel in state-and use-dependent manners [41, 42] . Thus, a following binding site study will be useful to test this possibility. Overall, CNV1014802 interacts with Nav1.7 channels in a manner distinct manner from previously reported inhibitors that affect channel inactivation.
Classically, PEPD-causing mutations shift the fast inactivation in the depolarizing direction, thus allowing more channels to be available at a defined membrane potential [6] . Other changes may include persistent currents, enhanced resurgent currents, slower current decay and increased recovery from inactivation. Resurgent currents are proposed to be mediated by an endogenous blocking particle, primarily assumed to be the C-terminal tail of the auxiliary Nav β4 subunit [43] . Moreover, drug-mediated inhibition of resurgent current inhibition is well correlated with inhibition of persistent currents [29] . This observation indicates that a compound that inhibits a persistent current may block a resurgent current as well [29] . Some PEPD patients derive benefits from carbamazepine because the drug rescues the impaired fast inactivation and blocks the persistent currents [6, 30] . However, the responses to carbamazepine and other available sodium channel blockers are inconsistent, and some of these patients even become refractory to these therapeutics [44] . In the present study, we selected 4 PEPD mutants and examined how CNV1014802 affected them. The mutations F1462V and T1464I are located in the linker region between domains III and IV. Furthermore, F1462V occurs within the completely conserved IFM fast inactivation motif among all Nav isoforms [6] . The mutation M1627K is located within the domain IV S4-S5 linker and may form part of the inactivation gate [30] . In contrast to these 3 mutations causing PEPD syndrome in patients, the A1632E mutation produces mixed symptoms of IEM and PEPD. The A1632 residue within the linker between the S4-S5 linker of domain IV is highly conserved among all sodium channels except Nav1.9 [31] . We found that CNV1014802 is capable of restoring the disrupted function caused by these PEPD mutations, including the dampened inactivation or the persistent currents ( Figure 7) . Thus, CNV1014802 may offer an alternative therapeutic option for PEPD patients. These data provide a preliminary experimental basis for the expansion of the clinical application of CNV1014802.
In conclusion, we systematically investigated CNV1014802, and we found that enhancing Nav1.7 channel inactivation contributes to its pharmacological inhibition. Given its tolerance and efficacy in chronic pain treatment, our data suggest that enhancing inactivation could be considered an appropriate approach for drug development against Nav1.7 channels. The functions of normalizing the right-shifted inactivation and blocking the persistent currents of the gain-of-function mutations make CNV1014802 an alternative and available candidate drug for PEPD therapy.
